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Abstract 


Production of good quality fish muscle with reduced use of fish meal (FM) and oil (FO) is of great interest in aquaculture. This study tested 13 diets 
including (FM), krill meal (KM) or mussel meal (MM) and with rapeseed oil (RO) or RO+FO+KO (krill oil) (mixed oil, MO) or FO+KO (FKO) as the lipid 
source. These were fed to Arctic charr (Salvelinus alpinus) (initial weight 104.5+20.8 g, final weight 276.7+106.2, n=12) and their effects on FA profile, 
astaxanthin (AST) content and colour (a* value) of white muscle investigated. The FA profile of RO groups was characterised by monounsaturated fatty 
acids, a-linolenic acid and n-6 polyunsaturated fatty acids (PUFA), while FKO groups were mainly rich in saturated fatty acids (16:0, 14:0, 18:0), 16:1n-7 
and n-3 PUFA, with a high n-3/n-6 ratio in the FA profile. Feeding KM, MM, KO gave positive effects on deposition of n-3 PUFA and AST. One group fed an 
AST-deficient diet showed comparable levels of arachidonic acid, eicosapentaenoic acid and docosahexaenoic acid to other groups, although the diet 
contained much lower levels of these FA. Another group fed a diet including the highest levels of KO (8.1%) and KM (29.4%) exhibited the highest n-3 PUFA 
level, n-3/n-6 ratio, AST content, a* value and thiobarbituric reactive substances (TBARS) value. In conclusion, KM, KO and MM could be used to improve 
the FA profile and colour properties of Arctic charr white muscle. AST not only affects colour properties, but also FA metabolism. 


Practical applications: It was found that the FA profile of muscle from Arctic charr fed high levels of MM, KO and KM were rich in n-3 PUFA and had a high 
n-3/n-6 ratio, high AST content and high a* value. These results indicate that KM, KO and MM can be used to improve lipid quality and colour property in 
fish fillet and can act as a potential substitute for FO and FM in salmonid aquaculture. The similar levels of n-3 PUFA in groups with and without sufficient 
AST in the diet fed group suggest that antioxidant deficiency may induce Arctic charr to use a-linolenic acid to form n-3 PUFA. This provides a possible 
avenue for low-cost accumulation of n-3 PUFA in fish fillet. All these results are beneficial information for improving the use of non-fish-based materials in 
salmonid farming. 


Keywords: Krill; Blue mussel; Astaxanthin; Fatty acids; TBARS 


Abbreviations: AA: Arachidonic Acid; AC: Astaxanthin Content; ALA: A- 
Linolenic Acid; AST: Astaxanthin; CF: Condition Factor; DGC: Daily Growth 
Coefficient; DHA: Docosahexaenoic Acid; DPA: Docosapentaenoic Acid; 
EPA; Eicosapentaenoic Acid; FM: Fish Meal; FO: Fish Oil; GLM: General 
Linear Model; KM: Krill Meal; KO: Krill Oil; LA: Linoleic Acid; LC: Lipid 
Content; LCPUFA: Long Chain Polyunsaturated Fatty Acid; LO: Linseed Oil; 
MM: Mussel Meal; MO: Mixed Oil; MUFA: Monounsaturated Fatty Acid; PLS- 
DA: Partial Least Squares-Discriminant Analysis; PUFA: Polyunsaturated 
Fatty Acid; RO: Rapeseed Oil; RTC: Retention Rate of Total Carotenoid; SFA: 
Saturated Fatty Acid; TBARS: Thiobarbituric Reactive Substances; TC: Total 
Carotenoid Content 


Introduction 


Many studies show beneficial effects of n-3 long chain polyunsaturated 
fatty acids (n-3 LCPUFA), mainly eicosapentaenoic acid (EPA, 20: 5n-3) and 
docosahexaenoic acid (DHA, 22: 6n-3), on prevention or treatment of 
cardiovascular disease, diabetes, some cancers (e.g. breast, colorectal) and 
other disorders [1-3]. Fish is currently the main source of n-3 LCPUFA in 
the human diet. In fish produced by aquaculture, these fatty acids (FA) are 
present in fish tissues, including fillets, as a result of diets containing fish 
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oil (FO) and fish meal (FM). Most fish farmed in European aquaculture are 
predatory species, traditionally fed large proportions of FM and FO. 
However, recent rapid developments in aquaculture have driven the 
industry to exploit other resources for fish feed. Vegetable oils such as 
rapeseed (RO), linseed (LO) and palm oil are replacing FO in meeting the 
demand for oils in fish diets. In general, these substitutes have no 
significant effects on fish growth, but decreased n-3 LCPUFA level in fish 
fillet is common [4]. 


Colour is an important factor influencing the acceptability of food to 
consumers. For salmonids, the pink colour in muscle is considered an 
important criterion for fish quality. This colour is imparted by Carotenoid, 
mainly astaxanthin (AST) (3,3’-dihydroxy-B,B-carotene-4,4’-dione), 
deposited in the fillet [5]. AST is also a beneficial compound for human 
health due to its excellent anti-oxidative, scavenging activity. Studies on 
the effect of AST on human health report positive effects in the prevention 
and treatment of cardiovascular disease [6] and some cancers [7]. 


Fish cannot synthesise AST denovo and at present synthetic AST (most 


common product is Carophyll Pink, F. Hoffmann-La Roche Ltd. 
Switzerland) is commonly used in aqua feeds for farmed salmonids. 
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However, the high cost of this compound is forcing the aquaculture 
industry to search for less expensive alternatives, e.g. lower Trophic level 
feed sources such as Antarctic krill (Euphausia superba) and blue mussel 
(Mytilus edulis) of non-human food quality. Krill consists of small 
crustaceans building up to large biomass and is thereby a resource in cold 
marine waters. It serves as the main prey for many predatory fish and 
marine mammals. A scientific assessment has indicated a surplus between 
allowable catch (8 million tonnes) and present catch (0.2 million tonnes) 
[8]. In the Baltic Sea, blue mussels are produced in areas with high 
eutrophication, utilising phytoplankton production [9]. These mussels are 
usually small in size owing to the brackish environmental limitations in the 
Baltic Sea, such as low temperature and low salinity, and therefore are of 
low interest for human consumption. The meal and oil produced from krill 
and mussel contain protein with a similar amino acid profile to fish meal 
(FM) and high quality lipids rich in n-3 LCPUFA. In addition, krill is rich in 
AST. 


Some studies have evaluated the effects of krill meal (KM) and mussel 
meal (MM) on fish growth [10,11], but limited information is available on 
the effects on fish muscle quality. Therefore in the present study we 
designed 13 diets, iso-lipidic and iso-nitrogenous, which included different 
levels of individual lipid and protein sources. RO, FO, krill oil (KO) and LO 
provided the lipid, while protein sources included FM, KM and MM. The 
effects of these sources on fish growth, FA profile, Carotenoid level, flesh 


Table 1: Diet codes and ingredients (%) of the experimental diets. 


colour and thiobarbituric reactive substances (TBARS) in white muscle of 
Arctic charr (Salvelinus alpinus) were investigated. 


Materials and Methods 


Experimental design and materials 


The 13 diets where the protein source comprised FM, KM, MM and the 
lipid source RO, KO and LO with different formulas were designed using 
Modde v.9.1 (Umetrics, Umea, Sweden), statistics software, which allows 
investigation of several variables [12]. In order to obtain an optimal 
response, a 13-type star model was used, where the centre point was the 
standard reference in the experiment (a mixture of all the different meals 
and oils). The other 12 diets were divided into three large groups based on 
the lipid source (Table 1). Six diets using RO as the single lipid source were 
designated RO groups (R1-R6); four diets including FO, KO and LO as lipid 
source were designated FKO groups (K1-K4); and two diets including a 
mixture of RO, FO, KO and LO as lipid source were designated MO groups 
(M1 and M2). Lipid and protein content were equivalent in all diets. Lipid 
content, FA profile and total Carotenoid content of the diets are shown in 
Table 2. FM was obtained from Triple nine, Esbjerg, Denmark. RO was 
purchased from local retailers. MM, KM and KO were provided by Olympic 
Seafood AS, Fosnavaag, Norway. MM was provided by Royal Seafood AB, 
Denmark. KM and KO were produced by enzymatic hydrolysis (see patent 
W020100301939) [13]. 


Group 
RO MO FKO 
Control Diet 
Ingredient R1 R2 R3 R4 R5 R6 M1 M2 K1 K2 K3 K4. 
(%) 
Rapeseed oil 18 15 17.5 17 17 17 8.6 8.5 0 0 0 0 0 
Linseed oil 0 0 0 0 0 0 1.6 1.5 2.8 2.7 2.9 2.8 2.8 
Fish oil 0 0 0 0 0 0 2.8 2.8 5.7 5.3 5.8 5.6 5.4 
Krill oil 0 0 0 0 0 0 44 4.2 8.6 8 8.8 8.5 8.3 
Fish meal 51 29 0 14.5 27.5 40.5 52.1 14.5 51.6 29 0 14.5 27.8 
Mussel meal 0 0 58 29 27.5 0 0 29 0 0 58 29 18.5 
Krill meal 0 29 0 14.5 0 13.5 0 14.5 0 29 0 14.5 9.3 
Wheat meal 22.5 18.5 16 16.5 19.5 20.5 22 16.5 22.8 17.5 16 16.5 19.5 
Mineral/vitamin mix 1 1 1 1 1 1 1 1 1 1 1 1 1 
Gelatine 6 6 6 6 6 6 6 6 6.1 6 6 6 6 
Titaniumdioxide 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Cellulose 1 1 1 1 1 1 t 1 1 1 1 1 1 
TOTAL 100 100 100 100 100 100 100 100 100 100 100 100 100 


Abbreviations: RO, diets used rapeseed oil as single lipid source; FKO, diets 
used fish, krill and linseed oil as lipid source; MO, diets used rapeseed, 
linseed, fish and krill oil as lipid source. 
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Table 2: Lipid content (% of wet weight), fatty acid profile (% of total fatty acids) and total carotenoid content (mg/kg diet) of the experimental diets. 


RO MO FKO 
Control 
Diet 
R1 R2 R3 R4 R5 R6 M1 M2 K1 K2 K3 K4 
Fatty Acids 
Lipid content 24.1 27.8 21.2 27.2 22.3 26.2 23.3 25.9 22.9 30.4 22.6 25.7 25.7 
14:0 1.79 5.06 0.9 2.99 1.53 3.35 6.18 7.31 10.7 11.7 11.4 11.9 10.9 
16:0 7.59 12.5 6.09 9.15 6.83 9.62 12.3 13.6 17.9 19.6 18.1 19.6 18.8 
18:0 1.66 1.72 1.74 1.65 1.56 1.64 1.94 1.67 1.99 1.76 2.32 2.14 2.04 
SFA 12.2 20.2 9.79 14.8 11 15.7 21.5 23.5 31.4 33.8 32.5 34.4 32.7 
16:1n-7 1.21 3.11 1.64 2.29 1.52 2.03 3.78 4.56 6.32 6.56 7.62 741 6.68 
18:1n-9 49.9 41 51.6 46.1 50.5 45.5 33.5 32 16.8 16.5 15.7 16.4 16.7 
18:1n-7 2.93 4.39 3.03 3.76 2.95 3.67 3.62 4.58 4.5 5.87 5.01 5.52 5.17 
20:1n-9 3.31 2.36 1.44 2.01 2.5 2.7 4.76 2.7 5.88 3.74 4.11 4,34 4,86 
22:1n-11 4.18 2.3 0 1.15 2.51 3.12 6.34 2.76 8.96 5.18 4.69 5.13 6.3 
MUFA 62.4 54.2 58.1 56.1 60.6 58 53.2 47.7 44.5 39.9 38.9 40.6 41.5 
18:2n-6 15.5 12.4 18.4 15.3 16.8 14.3 10.3 10.1 4.48 3.84 4.77 4.27 4.58 
18:3n-6 0.32 0.24 0.38 0.31 0.33 0.28 0.47 0.41 0.54 0.39 0.63 0.52 0.52 
20:4n-6 0.09 0.13 0.42 0.26 0.21 0.1 0.2 0.32 0.25 0.21 0.59 0.41 0.31 
n-6 PUFA 16.1 12.8 19.3 16 17.5 14.7 11.1 11 5.41 4.54 6.28 5.39 5.58 
18:3n-3 6.21 5.1 8.11 6.32 7.01 5.89 7.04 7.27 7.29 6.08 8.58 6.75 7.42 
18:4n-3 0.37 0.22 0 0.15 0.19 0.27 0.62 0.24 0.78 0.44 0.41 0.55 0.62 
20:5n-3 1.1 4.49 2.88 3.95 1.9 2.85 2.94 5.88 4.93 8.53 7.26 6.83 6.3 
22:5n-3 0.12 0.15 0.11 0.16 0.14 0.13 0.27 0.27 0.41 0.39 0.48 0.37 0.39 
22:6n-3 1.55 2.86 1.72 2.61 1.76 2.5 3.25 4.16 5.15 6.24 5.55 4.96 5.45 
n-3 PUFA 9.35 12.8 12.8 13.2 11 11.7 14.2 17.9 18.7 21.8 22.4 19.6 20.3 
PUFA 25.4 25.6 32.2 29.2 28.5 26.4 25.3 28.8 24.1 26.3 28.7 25 25.9 
n-3LCPUFA 2.77 7.5 4.71 6.71 3.8 5.49 6.46 10.3 10.5 15.2 13.3 12.2 12.2 
n-3/n-6 0.58 1 0.66 0.83 0.63 0.79 1.27 1.63 3.45 4.8 3.57 3.63 3.63 
Total Carotenoid 10.1 131.4 66.9 81.7 45.9 52.1 55.1 73.6 52.6 182.9 89.9 174.4 91 
Abbreviations: RO, MO, FKO, see Table 1; SFA, saturated fatty acids, 
includes 14:0, 15:0, 16:0, 17:0, 18:0, 20:0, 22:0; MUFA, monounsaturated 100 [EndWeight —* [StartWeight 
fatty acids, includes 16:1n-7, 18:1n-9, 7,-5, 20:1n-9, 22:1n-11, 9, 24:1; DGC = 


PUFA, polyunsaturated fatty acid, includes n-3 PUFA and n-6 PUFA;n-6 
PUFA includes 18:2n-6, 18:3n-6, 20:2n-6, 20:3n-6, 20:4n-6, 22:4n-6; n-3 
PUFA includes 18:3n-3, 18:4n-3, 20:3n-3, 20:4n-3, 20:5n-3, 22:5n-3, 22:6n- 
3; n-3 LCPUFA includes 20:3n-3, 20:4n-3, 20:5n-3, 22:5n-3, 22:6n-3 


Fish feeding and sampling 


Arctic charr with initial weight 104.5+20.8 g were fed the experimental 
diets for 15weeks at Kalarne Aquaculture Centre, Sweden. The 12 
experimental diets were fed to fish in 12 different tanks (1 m3), each 
containing 12 fish. Another three tanks were assigned to the control 
(standard reference) diet. The temperature of the water was 5-17°C during 
the rearing period, following the natural cycle. Feeding was stopped three 
days before sampling. Initial length and weight and final length and weight 
were recorded. Condition factor (CF) and daily growth coefficient (DGC) 
were calculated according to: 


CF=Weight (g)*100*Length-3 (cm) and 


Pickova J, et al. Effect of Krill, Mussel and Fish Meals on Fatty Acid Profile, Carotenoid Content, 
Colour and Oxidation Properties of White Muscle in Arctic Charr (Salvelinus Alpinus L.) Int J 
Oceanogr Aquac 2016, 1(1): 000103. 


Days 
Before sampling, the fish were anesthetised by tricane methane sulphonate 
222 (30 ml/I) and killed by rupture of the vertebral column. White muscle 
in dorsal muscle mass was dissected; the left part was used for lipid and 
carotenoid analysis and right part for colour analysis. The fillet was 
immediately packed in aluminium foil and frozen on dry ice. All samples 
were stored at -80°C until further analysis. 


Fatty acid analysis 


Lipids from white muscle and the diets were extracted following the 
method of Trattneret et al. [14] and methylated with boron trifluoride 
according to Appelqvist [15]. Thereafter, the methylated FA were analysed 
in a Varian CP-3800 gas chromatograph system (Agilent Technologies, 
Santa Clara, CA, USA) equipped with a flame ionisation detector, fused 
silica capillary column BPX 70, 50 m length x 0.22 mm I.D. x 0.25 um film 
thickness (SGE, Austin, USA) and auto-sampler in split mode (Combi PAL 
AutoSampler, Varian AB, Stockholm, Sweden). Helium was used as the 
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carrier gas (0.8 mL/min) and nitrogen as the make-up gas. The column 
temperature programme followed the method used by Trattner, et al. [14]. 
FA were identified by comparison retention time with the standard FA 
mixture GLC-461 (Nu-check-Prep, Inc., Elysian, Minnesota, USA) and 
retention time. Star Chromatography Workstation software version 5.5 
(Varian AB, Sweden) was used for peak area integration. As internal 
standard, methyl 15-methylheptadecanoate (Larodan Fine Chemicals AB, 
Malmé, Sweden) was added to the methylated samples. 


Total carotenoid analysis 


The lipid extracts were used for carotenoid analysis. Total carotenoid 
content (TC) of muscle and diet was analysed by the spectrophotometric 
method described by Tolasa, et al. [16]. Absorbance at 480 nm was 
measured by spectrophotometer (UV-2401 (PC) CE, Shimadzu). The 
concentration of Carotenoid was calculated according to the formula: 


Concentration (mg/1) = Absorbance*10000/2100, 


Where 2100 is E (1%, 1 cm) = standard absorbance of AST solution 
with 1% (w/v) in spectrobath with1 cm in hexane at 480 nm and 10000 is 
the scale factor. Carotenoid content was expressed as mg/kg muscle (or 
diet). Average retention rate of total Carotenoid (RTC) was calculated as 
[17]: 


RTC (%) = 100 * 0.61 * (Cr*We-C*Wy) / (105*20*Cp/12), 


where Cp, Cyis the Carotenoid content in white muscle (mg/kg muscle) in 
final fish, initial fish; Wr, Wris the weight (g) of final fish, initial fish; Cp is 
the carotenoid content in the diet (mg/kg); 0.61 is the average muscle 
fraction in whole fish (61%); 105 is feeding days; 20 is weight of diet fed to 
each tank per day; and 12 is number of fish per tank. 


Specific Carotenoid analysis 


The content of Carotenoid in white muscle was analysed using a high 
performance liquid chromatography (HPLC) (Bischoff Analysentechnikund 
Gerate GmbH, Leonberg, Germany) equipped with an Agilent 1100 series 
diode array detector (Agilent Technologies, Waldronn, Germany). 
Separation was performed under the following operating conditions: 
normal phase column, Alltech SI 5y silica column, 4.6 x 250 mm (Alltech 
Associates Inc., Deerfield, IL); column temperature, 40°C; mobile phase, 
hexane: isopropanol (94:6, v:v); isocratic elution, flow rate 1.4 ml/min; 
injection volume, 10ul; detection wavelength, 480nm. Peaks were 
manually integrated using the software HP ChemStation Version 05.01. 
Standards including AST (Dr. Ehrenstorfer, Germany) and canthaxanthin 
(Fluka-Sigma, St. Louis, MO, USA) were used to identify peaks in the 
samples. Carotenoid content was quantified by standard curves run with 
different concentrations and expressed as mg/kg muscle. 


Colour property analysis 


White muscle was thawed on an orange board (similar colour to white 
muscle) at room temperature for 1h until its central temperature reached 
15°C and it was soft enough for measurement by Minolta Chroma Meter 
CR-300 (Minolta, Osaka, Japan). The juice around the white muscle after 
thawing (not much juice loss was observed) was removed. The Chroma 
Meter was equipped with an 8 mm diameter aperture and calibrated on a 
white reference plate before use. Measurements were made at four points 
on the fillet. All measurements were performed in the colorimetric space 
L*, a*, b* according to the Commission Internationale de Eclairagesystem 
[18]. They were then transformed in the L*, C*, H(°)a*b*colorimetric space 
[19], in which the three-dimensional characteristics of colour appearance 
are the lightness attribute L*, chromatic attributes hue H(°), a*b* (arctan 
b*/a*) and chroma C*[(a*2+b*2)1/2], 
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Thiobarbituric reactive substances analysis 


TBARS value was determined by a forced oxidation method, modified 
from Sigurgisladottir, et al. [20]. Water was added (0.5 ml) to fish white 
muscle (1 g) and it was heated at 90 °C for 5 min to cause oxidation. The 
heated samples were cooled to room temperature and then 10% 
trichloroacetic acid was added and the samples were homogenised to 
extract malondialdehyde. The lysate was filtered and incubated with 
thiobarbituric acid in a water bath at 90 °C for 45 minutes. Thereafter the 
samples were cooled to room temperature, centrifuged at 500 rpm for 
10min and the absorbance was measured at 532 nm. TBARS values were 
expressed as nmol/kg muscle. 


Data analysis 


To study the effects of various components in the diets, three 
comparisons with different groups were made for each parameter. 
Comparison 1 involved groups R1, R4, M1, M2, K1 and Ké4 (to study the 
effect of lipid source); comparison 2 involved groupsR1, R2, R3, R4 and R5 
(to study the effect of the protein source); and comparison 3 involved 
groups K1, K2, K3 and Ké4 (to study the effect of protein source). Data on 
FA, colour properties and oxidation were first analysed by partial least 
squares-discriminant analysis (PLS-DA) in SIMCA-P+13.0 (Umetrics, Umea, 
Sweden). Comparisons of parameters between specific groups were 
performed by general linear model (GLM) analysis in SAS 9.3 (SAS Institute 
Inc., Cary, NC) with data subjected to arcsine square root transformation or 
logarithmic transformation when necessary. Comparison 1 was performed 
with a Bonferroni test, comparison 2 with a Scheffe test and comparison 3 
with a Duncan test. Significance level was set to P<0.05 unless otherwise 
stated. Data presented are mean+SD. We also compared the data for each 
group with those for the control group. No significant difference was 
found. 


Results 


Fish growth 


No mortality occurred during rearing of the fish. Fish length increased by 
about 7.0 cm and weight by about 170 g, giving a CF value of 
approximately 1.4 after 15 weeks of feeding in the experiment (Table 3). 
The highest DGC (1.94) was found in group M1 and the lowest in group R1 
(1.31). No pattern was found in any of the three comparisons made with 
fish growth parameters in PLS-DA analysis (data not shown). Statistical 
analysis suggested that there were no significant differences in fish growth 
parameters between any of the groups. 
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Table 3: Start and end weight (g), start and end length (mm), start and end condition factor (CF), daily growth coefficient (DGC) and liver weight (g) of 
Arctic charr (n=12). 


Group Start Weight Start length Start CF End Weight an End CF DGC Liver Weight 
R1 104.6+18.8 19.241.3 1.47+0.15 225.0£77.1 25.442.1 1.3340.17 1.31 2.6741.26 
R2 103.4414.4 19.0+0.5 1.50+0.12 284.6486.5 26.842.4 1.43+0.16 1.79 4.1641.79 
RO R3 103.1+16.2 19.441.2 1.4040.12 261.2463.5 26.2+1.6 1.42+0.15 1.62 4.224142 
R4 105.1+24.2 19.841.2 1.3340.13 284.74144.5 26.843.3 1.3640.18 1.77 4.6243.45 
RS 105.0+23.7 19.641.5 1.37+0.09 297.14103.1 27.5424 1.3840.12 1.86 4.8542.07 
M1 109.4+21.0 19.241.2 1.5440.12 289.54142.5 26.5+3.1 1.45+0.24 1.75 4.0142.69 
MO 
M2 100.7+10.1 19.2+0.7 1.42+0.11 297.7489.9 27.0+2.3 1.47+0.16 1.94 4.1441.63 
K1 114.8+28.4 20.1+1.3 1.3940.13 284.64105.8 27.2424 1.3640.15 1.64 3.79+1.00 
K2 104.4+23.5 19.641.4 1.3640.14 285.24£135.3 26.843.2 1.3840.21 1.79 5.01+3.50 
FKO 
K3 105.3#22.2 19.641.4 1.3840.11 258.1496.8 25.443.5 1.62+0.88 1.57 3.8541.44 
K4 104.6+28.5 19.5+1.7 1.38+0.09 276.34114.7 26.643.1 1.4040.12 1.72 4.2641.34 
Standard 105.8£21.7 19.741.1 1.3640.12 276.54102.9 26.8+2.7 1.3840.18 1.7 4.4042.07 


Abbreviations: RO, groups fed diets used rapeseed oil as single lipid source; FKO, groups fed diets used fish, krill and linseed oil as lipid source; MO, groups 
fed diets used rapeseed, linseed, fish and krill oil as lipid source. 


Lipid content and fatty acids 


In comparison 1 (see ‘Data analysis’ section), there was a clear groups (M1 and M2) were close to lipid content (LC), n-3 PUFA and DHA; 
discrimination between groups R1, M1, K1 and groups R4, M2, K4 (Figure and the FKO groups (K1 and K4) were close to 16:0, 14:0, 18:0, 16:1n-7, 
1a). The RO groups (R1, R4) were close to the MUFA (monounsaturated SFA (saturated fatty acids), EPA, 22:5n-3 (docosapentaenoic acid, DPA) 
fatty acids) 18:3n-3 (a-linolenic acid, ALA), 18:2n-6 (Linoleic acid, LA), and n-3/n-6 (Figure 1a). 
18:3n-6, 20:3n-6, n-6 polyunsaturated fatty acid (n-6 PUFA); the MO 
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No differences in LC were found, but many FA differed. Levels of 14:0, 
16:0 and SFA were higher in FKO groups (Kiand K4) than in RO groups 
(R1 and R4) and MO groups (M1 and M2) (Table 4). No differences in total 
MUFA were found, but the levels of 16:1n-7, 18:1n-7 and 22:1n-11 was 
higher in FKO groups than in MO and RO groups. The levels of 20:3n-6 and 
total n-6 PUFA were higher in group R1 than in groups M1 and K1. For n-3 
FA, differences were found between RO groups and FKO groups. The 
proportions of 18:4n-3 and DPA were higher but the ALA level was lower 
in FKO group than in RO groups. EPA in group K1 showed a higher level 
than in group R1 and there were no differences in DHA and n-3 PUFA in 
the six groups. However, n-3/n-6 of FKO groups was higher than in the RO 
and MO groups. There were also some differences in 18:0, SFA, 18:1n-7, 
22:1n-11, 20:3n-6, EPA and DPA between group M1 and group M2. 


In comparison 2, discrimination was observed in the FA profile of four 
groups (Figure 1b). 20:3n-6, LA, n-6 PUFA, 18:1n-9 and MUFA were close 
to group R5, while 14:0, 16:0, SFA, 18:1n-7, EPA, DPA, n-3 LCPUFA and n- 
3/n-6 were close to group R2. Group R1 was near ALA, 18:3n-6 and 20:1n- 
9. Group R1 had similar levels of 14:0, 16:0 and SFA to groups R3 and R4 
but lower levels than group R2. The levels of 20:1n-9 and 22:1n-11 in 
group R1were higher than in groups R2, R3 and R5. No difference in n-6 FA 
was observed between groups R1 and R3, R5. Nevertheless, most n-6 FA 
showed a higher level in group R1 than in group R2. 18:4n-3 proportion in 
group R1 was higher than in the other groups and the levels of EPA and 
DPA were lower than in group R2. In comparisons between groups R5, R2 
and R3, no differences in n-3 FA were found, but levels of most n-6 FA in 
group 5 were higher than in group R2. No differences were found in LC. 
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In comparison 3, separation was found between these groups (Figure 
1c). Group K1 was close to 18:1n-9, 20:1n-9, 22:1n-11, MUFA, ALA, 18:4n- 
3, 18:3n-6, LA, 20:3n-6 and n-6 PUFA, while group K2 was close to EPA, n- 
3/n-6, DPA, DHA and n-3 PUFA. There was no difference in LC between the 
groups. Levels of 16:0 and total SFA in group K1 were lower than in group 
K2, and the proportion of 18:0 was lower than in group K3. Group K1 
exhibited higher levels of most MUFA (except 18:1n-7) than groups K2 and 
K3. Most n-6 FA levels in group K1 were higher than in groups K2 and K3 


except for 20:4n-6 (arachidonic acid, AA), which was most abundant in 
group K3. For n-3 FA, the levels of ALA and 18:4n-3 were higher in group 
K1 than in groups K2 and K3, while the levels of EPA and DHA were lower. 
Group K1 showed lower total n-3 PUFA level and n-3/n-6 ratio compared 
with groups K2 and K3. Group K4 had some differences to the other three 
groups in terms of FA. Its level of most FA showed intermediate values 
between group K2 and group K3. 
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Figure (1a, 1b, 1c): Partial least squares-discriminant analysis (PLS-DA) of fatty acids in white muscle from Arctic charr (n=8): a, b, c are biplots of data 
from groups R1, R4, M1, M2, K1, K4, groups R1, R2, R3, R4, R5 and groups K1, K2, K3, K4 explaining 69.3%, 70.5% and 72.4% of variation in the samples, 
respectively. LC, lipid content; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; HUFA, highly unsaturated 


fatty acids; n3/n6, ratio of n3 fatty acids to n6 fatty acids. 


Table 4: Lipid content (% of wet muscle), fatty acid profile (% of total fatty acids) in white muscle of Arctic charr (n=8, for standard n=24). 


Comparison Comparison 1 Comparison 2 Comparison 3 
Group Control 
Diet 
R1 R4 M1 M2 K1 K4 R1 R2 R3 R4 R5 K1 K2 K3 K4 
Fatty 
Acids 
Lipid % 1.7940.53 2.1340.77 1.7940.44 2.2640.90 1.9940.43 2.3540.89 1.7940.53 2.3341.01 1.9040.40 2.1340.77 2.0841.05 1.9940.43 2.0440.75 1.7740.48 2.3540.89 2.0640.59 
14:0 1.56440.25 2.0°40.47 2.9640.74 3.3>40.54 4,640.89 4,040.67 1.5°40.25 2.7840.42 1.19+0.25 2.06+0.47 1.39¢+0.26 4.65+0.89 4,.28+1.08 3.8240.82 4.08+0.67 5.3740.67 
16:0 12.0°+2.49 13.4¢+2.95 13.9¢d4£2.53 14,543.02 15.53.08 14.924+3.52 12.0642.49 14,1243.14 12.3>42.73 13.74b42.95 12.8>42.80 15.5>43.08 17.2244.92 15.4643.37 14,943.52 20.341.8 
18:0 2.12640.52 2.284>40.38 1.9040.28 2.218+0.43 1.9340.38 2.00240.43 2.12640.52 2.04540.45 2.52+0.46 2.2840.38 2.394>40.36 1.93°40.38 1.95°40.51 2.292+0.52 2.00640.43 2.7540.26 
SFA 16.3°43.26 18.6443.68 19,3°43.32 20.6640.77 22.6244.37 21.544.51 16.3>43.26 19.4243.94 16.7643.38 18.6543.68 17.2843.35 22.6644.37 23.9246.14 22.04>44.51 21.5ab44.51 20.041.8 
16:1 n-7 2.01940.36 2.67°40.78 3.09640.53 3.64>40.53 4.699+0.90 4,14441.04 2.0140.36 2.5840.44 2.2840.48 2.6740.78 2.1840.43 4.69+0.90 4.06+0.91 4,.33+0.80 4.1441.04 5.49+0.85 
18:1 n-9 27.1946.12 26.0244.58 20.3>44.87 19.0642.84 14.4°+2.65 12.7°42.19 27.146.12 24,143.97 29,544.01 26.044.58 30.344.68 14.442.65 12.442.31 12.141.96 12.742.19 16.942.39 
18:1 n-7 2.19940.42 2.88°40.45 2.70°+0.66 3.18>40.47 3.334>40.66 3.36240.54 2.19°40.42 3.27240.48 2.41°+0.34 2.88540.45 2.40°40.34 3.33>40.66 3.77240.71 3.0840.48 3.36240.54 4.3340.36 
20:1 n-9 2.49+0.47 2.02+0.46 2.7040.50 2.16+0.40 2.9140.61 2.2440.42 2.492+0.47 1.8340.32 1.9340.29 2.02540.46 2.314>40.26 2.912+0.61 2.14°+0.34 2.24b¢40.32 2.24640.42 3.1440.39 
22:1n-11 2.58°440.43 1.64°+0.61 3.11640.56 2.12940.44 3.60740.80 2.506e+0.45 2.582+0.43 1.7340.31 1.16°40.29 1.64°+0.61 1.9040.32 3.602+0.80 2.625¢+0.46 2.32°40.30 2.50640.45 3.6940.45 
MUFA 37.12+7.57 35.94b46.23 32,847.22 30.84>44.61 29.8 +5.68 25.7>44.56 37,147.57 34,345.31 37.845.03 35.946.23 39,745.73 29,82+5.68 25.9644.77 24.7>43.81 25.79b44.56 34.643.6 
18:2 n-6 9.07842.26 7.85841.25 5.90>41.45 5.10640.74 3.41°+0.72 2.69°40.52 9.07442.26 7.04¢41.08 9,38941.31 7.8541.25 9.59ab+1.28 3.41240.72 2.47°40.32 2.58°40.35 2.69640.52 3.8240.64 
18:3 n-6 0.43240.21 0.24>+0.06 0.25>40.07 0.24>+0.05 0.23>40.06 0.16540.02 0.43240.21 0.294>40.10 0.304>40.06 0.24>+0.06 0.324b40.05 0.232+0.06 0.155+0.04 0.17+0.04 0.16540.02 0.2740.05 
20:3 n-6 0.4824+0.14 0.30640.04 0.2740.08 0.18°+0.04 0.18°+0.03 0.12440.03 0.48240.14 0.21°+0.06 0.442+0.10 0.30640.04 0.512+40.13 0.182+0.03 0.11°+0.02 0.14>40.02 0.12540.03 0.1840.02 
20:4 n-6 0.522+0.10 0.63240.17 0.38e+0.09 0.484>40.15 0.36°40.08 0.4524+0.14 0.52540.10 0.35°40.12 0.87240.25 0.634640.17 0.794>40.26 0.36°40.08 0.35°40.12 0.70240.15 0.45540.14 0.59+0.09 
n-6 PUFA 10.9242.77 9.37>41.34 7.10°41.68 6.26°40.96 4.37440.90 3.58940.71 10.99+2.77 8.16>41.28 11.52+1.67 9.37>41.34 11.7841.52 4.37240.90 3.21°+0.47 3.82540.54 3.5840.71 5.0940.62 
18:3 n-3 5.78242.28 4.22>40.95 3.84bc+1.08 3.60¢+0.57 3.23e+0.80 2.58°+0.40 5.78242.28 4.39ab+0.96 4.82440.76 4.22>40.95 5.134b40.75 3.232+0.80 2.44640.55 2.594b40.48 2.584>40.40 4.00+0.58 
18:4 n-3 0.3640.07 0.23+0.09 0.44+0.08 0.31+0.08 0.52+0.10 0.3640.07 0.36240.07 0.236e+0.05 0.15°+0.05 0.236¢+0.09 0.2740.05 0.522+0.10 0.32°+0.05 0.35%+0.06 0.3640.07 0.56+0.08 
20:5 n-3 3.66940.62 5.51b41.49 4.054¢+0.93 5.154b41.50 4.55%c+0.97 5.374>4£1.26 3.66°40.62 5.83241.72 4.38%¢+1.34 5.51b41.49 3.98°41.30 4.55°+0.97 6.66741.77 5.86>41.24 5.37>41.26 7.3040.74 
22:5 n-3 0.71°+0.12 0.97440.22 0.794¢40.16 1.024>40.24 0.896¢+0.17 0.982+0.20 0.71540.12 0.96740.29 0.884>40.21 0.97240.22 0.844>40.20 0.89°40.17 1.1340.29 1.17240.22 0.98+0.20 1.3840.11 
22:6 n-3 12.542.69 13.945.22 13.943.78 12.44+4.62 13.443.24 11.944.15 12.5 +2.69 12.645.25 12.244.61 13.945.22 12.745.42 13.443.24 14,545.81 14.743.83 11.944.15 17.943.36 
n-3 PUFA 23,345.01 25.0+7.26 23,344.95 22.646.63 22.744.97 21.345.83 23,345.01 24,248.07 22.646.66 25.07.26 23.146.95 22.7>44.97 25.19>47.76 24.84b45.42 21.3>45.83 31.343.59 
PUFA 34,287.33 34,447.69 30.4645.92 28.94>47.30 27.1>45.80 24,946.48 34,247.33 32.448.85 34.10+7.80 34,447.69 34,847.54 27.145.80 28,348.14 28.645.86 24,946.48 36.443.30 
n-3/n-6 2.19°+0.42 2.50¢41.72 3.40640.96 3.58>40.74 5.212+0.50 5.922+0.77 2.1940.42 2.9740.86 1.9640.45 2.5041.72 1.9840.56 5.21°+0.50 7.73841.58 6.4640.84 5.92>40.77 6.2641.17 


Colour properties and carotenoid 


In comparison 1, clear clusters were found between groups R1, M1 
and K1 and between groups K4, R4 and M2, with the H value separated 
from a*, b*, C*, AST content (AC) and TC (Figure 2a). The Bonferroni test 
showed that group R1 had lower values of a*, b*, C*, TC and a higher 
value of H than groups M1 and K1 (Table 5). Similar results were found 
between groups R4, M2 and K4 (some non-significant differences). A 
higher RTC in group R1 than in group M1 was also observed. There were 
no differences between groups M1 and K1 or between groups M2 and K4. 
Group R4 exhibited a lower a* value and higher H value than group K4. 
No differences were found between groups M1 and M2. In comparison 2, 
group R1 was separated from the other RO groups. Group R4 was close to 
a* and AC, while TC differed from groups R3 and R5; no distinct 
separation was seen in groups R2, R3 and R5 (Figure 2b). Group R1 
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showed many differences from other groups, with a lower a* value than 
groups R2 and R3, lower b*, C* and TC value than groups R2 and R5 and 
higher H value than group R2. Lower a* and TC value and higher H value 
were observed in group R5 compared with group R2. Group R4 exhibited 
similar levels of these parameters to group R2. In comparison 3, group 
K2 was close to C*, TC and AC and different from groups K1, K3 and K4 
(Figure 2c). Group K2 showed higher levels of a*, b* and C* than groups 
K1 and K3 and its TC level was also higher than that of group K1. Group 
K3 exhibited similar levels of all parameters to group K1. AST is the main 
carotenoid found in the fish white muscle. A low level of canthaxanthin 
was detected only in group K3. No significant difference in AST level was 
found. Most groups showed a low AC (<3.5 mg/kg) and low RTC (1.32- 
5.08%). 
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Figure (2a, 2b, 2c): PLS-DA analysis of colour properties (a*, b*, L*, C*, H value) and carotenoid in white muscle of Arctic charr (n=6): a, b, c are biplots of 
data from groups R1, R4, M1, M2, K1, K4, groups R1, R2, R3, R4, R5 and groups K1, K2, K3, K4, explaining 81.1%, 78.5% and 69.0% of variation in the 
samples, respectively. AC, astaxanthin content; TC, total carotenoid content; RTC, retention rate of total carotenoid. 
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Table 5: Colour parameters, content of canthaxanthin (CAN), astaxanthin (AST), total carotenoid (TC) (mg/kg muscle), retention rate of total carotenoid 
(RTC, %) and thiobarbituric reactive substances (TBARS) value (nmol/g muscle) in white muscle of Arctic charr (n=6). 


Comparison Group L* a* b* (Ge? H CAN AST TC RTC TBARS 

R1 53.62+4.0 0.3c41.1 8.4>40.6 8.4>40.5 88.02+8.2 n.d. 0.31+0.12 0.7740.21 5.98 12.86>¢43.39 
R4 47.7#43.3 4,041.6 13.14+2.5 13.7442.8 73.6543.8 n.d. 1.06+0.25 2.132+0.46 2.59 11.61¢+1.74 
M1 48.2+4.0 6.42.9 14.58+3.7 15.99+4.4 67.4°°+7.8 n.d. 1.3340.72 2.412+0.81 4.41 12.80°¢43.67 

Comparison 1 
M2 46.5>43.7 5.44>+1.9 13.98+2.4 15.08+2.8 69.3%e+5.2 n.d. 0.80+0.29 2.132+0.71 3.01 23.48245.15 
K1 49,14+1.8 7.79418 14.7442.4 16.74+2.6 62.5¢44.2 n.d. 2.7741.22 2.692+0.53 5.08 11.14¢+2.35 
K4 44,3>43.3 8.2841.8 14.08+1.2 16.24+1.8 60.1°+4.3 n.d. 2.59+1.05 3.032+0.75 1.67 18.484>43.67 
R1 53.6%+4.0 0.3c41.1 8.4>40.6 8.4>+0.5 88.02+8.2 n.d. 0.31+0.12 0.77°+0.21 5.98 12.8643.39 
R2 52.2%+42.8 4.4240.7 12.88+1.2 13.5a+1.3 71.2542.4 n.d. 0.83+0.30 1.754+0.36 1.32 17.07846.59 

Comparison 2 R3 53.82+2.9 2.14£1.1 11.92+1.4 12.24+1.6 80.6%+4.3 n.d. 0.39+0.12 1.46440.35 1.99 11.65>41.45 
R4 47.7643.3 4.0%+1.6 13.14+2.5 13.74+2.8 73.6543.8 n.d. 1.06+0.25 2.132+0.46 2.59 11.61541.74 
R5 50.8%+3.5 1,542.2 12.98+3.7 13.14+3.9 84,52+8.2 n.d. 0.30+0.29 1.06%:+0.40 2.4 9.71541.37 
K1 49.1241.8 7.7°41.8 14.7>42.4 16.7>+2.6 62.5+4.2 n.d. 2.7741.22 2.69>40.53 5.08 11.14¢+2.35 
K2 48.0242.8 12.58+2.8 19.08+2.4 22.82+3.4 57.0+3.4 n.d. 3.50+1.04 4.28241.12 2.33 21.44243.10 

Comparison 3 
K3 43.6543.1 8.3>41.8 14.6>+2.0 16.9>+2.2 60.5+5.7 < 0.240 2.6641.54 3.492+0.92 3.49 15.05>e+5.18 
K4 44,3>43.3 8.2>41.8 14.041.2 16.2>41.8 60.1+4.3 n.d. 2.59+1.05 3.03240.75 1.67 18.484>43.67 

Standard 45.343.2 7.5£2.1 14.3+2.0 16.2+2.7 62.844. n.d 2.42+0.85 2.99+0.84 3.28 15.45+5.22 


a-d Values with different letters within comparisons are significantly different (P<0.05); n.d. not detected 


TBARS 
TBARS values were analysed together with n-3 PUFA, n-6 PUFA, LC and The TBARS value of group R2 was higher than that of groups R3, R5 and 
TC in the PLS-DA model to investigate possible interactions between R4. Group K2 differed from other FKO groups close to TBARS (Figure 3c). 
oxidation and these parameters. Separation was found between groups R1, The TBARS value of group K2 was higher than that of groups K1 and K3. In 


M1 and K1 and between groups R4, M2 and K4 (Figure 3a). Statistical plots a and b, n-3 PUFA distributed on the same side as TBARS (not close) 
analysis showed that groups M2 and K4 had a higher TBARS value than while n-6 PUFA was on the other side. In plots b and c, TBARS was close to 
group R4 (Table 5). Group R2 was separated from the other groups close to TC, but far from n-3 PUFA (Figure 3). 

TBARS (Figure 3b). 
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Figure (3a, 3b, 3c): PLS-DA analysis of thiobarbituric reactive substances (TBARS) value with fatty acids and carotenoid in white muscle (n=6): a, b, c are 
biplot of data from groups R1, R4, M1, M2, K1, K4, groups R1, R2, R3, R4, R5 and groups K1, K2, K3, K4 explaining 66.5%, 76.3% and 80.5% of variation 


in samples, respectively. For abbreviations, see Figures 1 and 2. 


Discussion 


This study examined the effects of RO, KO, KM and MM on fish 
performance. KO is rich in n-3 LCPUFA and KM contains high-quality 
protein. Most studies have concluded that including<50% KM in the diet 
has no effect on fish growth [10,21] but that including >80% KM reduces 
growth rate and weight of fish [22]. The negative effect on growth is most 
likely due to fluoride accumulation in the exoskeleton of krill. De-shelling 
has been successfully tested as a method to reduce the fluoride levels [23]. 
The KM used in the present study was produced by an enzymatic 
hydrolysis method which removes most fluorides [13], avoiding their 
negative effects. MM contains a high proportion of protein with a similar 
AA pattern to FM and approximately10% of lipid with a beneficial FA 
profile. Thus, it is considered to be of similar quality to FM and suitable for 
fish feed. 


Berge & Austreng [11] reported a tendency for poorer growth with 
increasing level of MM in the diet of rainbow trout (Oncorhynchus mykiss), 
due to the low energy density of the diet caused by high ash content in 
mussel shells. In the present study, only de-shelled mussels were used in 
meal and no negative effect on growth was observed compared with FM 
groups. 


RO has been tested in Atlantic salmon (Salmo salar) [24], rainbow trout 
[25] and Arctic charr. Pettersson, et al. [26] concluded that a significant 
proportion (<75%) of dietary FO replacement by vegetable oil did not 
affect growth performance. Similar results were obtained in the present 
study, where there were no differences in fish growth between RO groups 
and FKO groups. 


Comparison 1 (Figure 1) examined the effects of oil source on FA profile. 
The results for groups R1 and R4 suggested that RO mainly affects MUFA 
(18:1n-9), ALA and n-6 PUFA in white muscle, which is in agreement with 
previous studies showing an increase in these FA [4, 24-26].The lower 
proportion of EPA and decreased n-3/n-6 ratio in group R1 compared with 
group K1 indicates that RO reduces the nutritional value of the fish for 
humans. Results for groups K1 and K4 showed that KO with FO gave much 


SFA (14:0, 16:0) and n-3 LCPUFA (EPA, DPA). A similar effect of KM on FA 
profile has been found in Atlantic salmon [21]. The KO used in this study 
was rich in SFA (40%) and n-3 PUFA (11%). Based on the FA profile of 
diets R1 and R4 compared with diets K1 and K4, we concluded that most 
dietary FA were represented in white muscle. 


However, some FA caused unexpected results. The levels of 18:3n-6 and 
AA were higher in group R1 fish than in groups M1 and M2, despite their 
levels being lower in diet R1 than in diets M1 and K1. Since group R1 hada 
higher level of LA than groups M1 and K1, we speculated that the higher 
AA proportion was formed by the elongation and desaturation pathway of 
LA. This contradicts findings by Pettersson, et al. [26] of no concomitant 
increase in AA with increasing LA proportion in the diet of Arctic charr. It 
is also interesting to note the higher ALA level in group R1 than in groups 
M1 and K1 but similar level of DHA in these three groups. Similar levels of 
EPA and DHA were also found for groups R4 and K4. The ALA level was 
actually similar in all groups, while the level of DHA and EPA in diet R1 
(and diet R4) was lower than in diets M1 and K1 (and diet K4). The 
comparable level of EPA and DHA in groups R1 and R4 suggests that the 
Arctic charr tried to preserve these important FA. AA is also considered an 
important FA for Arctic charr and a 6-fold higher content of AA in the 
muscle of wild Arctic charr than its farmed counterpart has been reported 
[26]. Therefore, Arctic charr may try to synthesise these important FA, 
EPA, DHA and AA from the substrates ALA and LA. The results for groups 
R1 and R4 could be explained by a mechanism in FA desaturation and 
elongation, where the basic physiological need for EPA and DHA in fish 
tissues is met. At the same time, AA was most likely synthesised from LA to 
compensate for the lack of AA in the diet. There was a higher level of LA 
than ALA in diets R1 and R4, so most of the elongation and desaturation of 
LA led to an increase in AA in muscle and concomitant accumulation of 
ALA. On the other hand, LA level was low in diets M1, K1 and K4, while the 
EPA and DHA levels were high, which could inhibit the conversion of LA to 
AA [27]. ALA in groups M1, K1 and K4 may mainly be catabolised by B- 
oxidation, since diets M1, K1 and K4 were rich in EPA and DHA. These 
three groups possibly demonstrate the effect of relatively high dietary n-3 
PUFA by the low level of AA and ALA in the muscle. Our experimental set- 
up revealed an ability of Arctic charr to desaturate and elongate LA and 
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ALA to longer chain AA, EPA and DHA, contradicting Tocher, et al. [28]. To 
explain this difference, some gene expression studies have to be added. 


The high conversion rate of C18 FA to longer chain AA and DHA in group 
R1 could be explained by the deficiency of AST in the diet. This suggestion 
is based on results reported by Pickova, et al. [29] showing higher DHA in 
Atlantic salmon eggs exposed to higher peroxidation, and by Bell, et al. 
[30], who found that dietary deficiency of vitamin E and AST increased 
desaturated and elongated products of ALA and EPA in an in vivo study of 
salmon and that the absence of AST had a greater stimulatory effect on the 
conversion than the absence of vitamin E. Increases in AA and DHA were 
also observed in the liver total lipid of African catfish (Clarias gariepinus) 
fed diets containing oxidised FO without vitamin E compared with fish fed 
oxidised FO with vitamin E [31]. Deficiency in dietary antioxidants may 
increase the efficiency of desaturation and elongation of C18 FA, although 
the mechanism is not clear. In the present study, diets M1, K1 and K4 
included KO or KM, and these two compounds supplied certain amounts of 
AST to these diets. However, diets R1 and R4 had a lower Carotenoid 
content. Therefore, it is possible that AST deficiency stimulated the 
conversion of C-18 PUFA to LCPUFA. 


Comparison 2 (Figure 2) explored the effects of different feed meals on 
the FA profile in fish tissue. The differences in FA profile between group R1 
and group R2 suggest that KM played an important role in determining the 
FA profile. It provided SFA such as 14:0 and 16:0, but also 18:1n-7 and n-3 
LCPUFA, mainly EPA and DPA. Similar results have been reported in 
studies on Atlantic salmon, Atlantic halibut (Hippoglossus hippoglossus) 
[21] and rainbow trout [32]. The comparison between group R1 and 
groups R3 and R5 showed that the influence of MM was mainly on 18:0, 
AA, EPA and DPA. We also compared the effect of KM and MM on FA 
profile. Group R2 exhibited higher levels of 14:0, 16:0, 18:1n-7 and EPA 
and lower levels of LA, 20:3n-6 and AA than group R5. This indicates that 
KM had a more pronounced effect on preserving n-3 LCPUFA, especially 
EPA, than MM. In addition, a slightly lower ALA level in groups R3 and R5 
than in group R1 was observed. Since ALA proportion in diets R3 and R5 
was higher than in diet R1, we suggest that this effect was caused by B- 
oxidation of ALA for energy and no conversion into DHA. This was 
confirmed by the similar level of DHA in the three groups. Comparison 3 
also examined the effects of meal type on FA profile. The higher proportion 
of most n-3 PUFA and a higher n-3/n-6 ratio in group K2 than in group K1 
confirm the conclusion reached in comparison of group R1 and group R2, 
suggesting the positive effect of KM on n-3 LCPUFA proportion in muscle. 
Differences between groups K3 and M2 and groups R1 and R3 also confirm 
that MM made a positive contribution to n-3 PUFA proportion. 


The average proportion of ALA, EPA, DHA, n-3 PUFA and n-3/n-6 in 
muscle of farmed salmonidsis reported to be 1.0, 5.0, 7.0, 17.0 g/100g FA 
and 6:1, respectively [33]. The corresponding ranges in the present study 
were 2.5-5.8, 3.7-5.9, 11.9-14.7, 21.3-25.1g/100g FA and 2:1-7.8:1, 
respectively. The n-3/n-6 ratio in the RO and MO groups represented the 
extremes in this study. Group K2 showed the highest n-3 FA and n-3/n-6 
values. All these data lead to the conclusion that KM, MM and KO, together 
with FO, LO and RO, could be used to maintain a satisfactory FA profile in 
white muscle of Arctic charr. 


The differences in a*, b* value and TC between RO groups and FKO and 
MO groups revealed that RO replacement compromised colour properties, 
while KO improved colour properties of white muscle. Arai, et al. [34] 
reported good pigmentation in coho salmon (Oncorhynchuss kisutch) 
muscle with inclusion of KO in the feed. The higher values of a*, C* and TC 
in group R2 than in group Rlalso suggest a positive effect of KM on colour 
properties. This effect is confirmed by the higher level of a*, C* and TC 
value in group K2 than in group K1. The pigmentation effect of KM has also 
been reported in Atlantic salmon. The pronounced effect of KO and KM on 
pigmentation is not surprising, since they contain large amounts of AST 
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(KO 884 mg/kg; KM482 mg/kg). The MM used in this study contained 480 
mg/kg TC. The differences in a*, C* and TC between groups R3 and R5 and 
group R1 confirm that the effect of MM on pigmentation was significant. 
Grave, et al. [35] also observed a good pigmentation effect when MM was 
included in the diet of rainbow trout. In addition, the higher value of a* and 
TC in group R2 than in group R5 reveals that the pigmentation effect of KM 
was more pronounced than that of MM. The depth of pink colour in white 
muscle depends on its concentration of AST. Most studies report a linear 
relationship between a*, b*, C*, H value and AC. In this study, close 
logarithmic relationships were found between these parameters and AC 
(or TC), in agreement with Christiansen, et al. [36]. These results suggest 
that the positive effects of KM, KO and MM on AST in fish muscle were 
reflected by the colour properties. 


Pigment supplementation accounts for a substantial part of total diet 
costs in salmonid farming. Thus efficient utilisation of pigment, usually 
evaluated as retention rate of Carotenoid, is important. In diets R2, R4, M2, 
K2, K3 and K4, AC was sufficiently high (>60 mg/kg) for the fish to reach 
the desired level of AST in white muscle (6 mg/kg). However, RTC and TC 
for these groups were lower than reported in previous studies on 
salmonids [37]. Carotenoid utilisation depends on fish species, 
physiological status, dietary composition, pigment source, environmental 
conditions and other factors. Species differences in pigmentation retention 
efficiency may exist between Atlantic salmon, rainbow trout and Arctic 
charr [38]. Fish size could be one reason for the poor deposition of AST in 
this study. Storebakken, et al. [39] found that Atlantic salmon with an end 
weight of 400 g fed 60 or 90 mg/kg AST reached the same levels of final 
AST content in muscle (3-5 mg/kg),while in large salmon (end weight >1.5 
kg) higher levels of AST(>5 mg/kg) accumulated [40]. Those authors 
concluded that small-sized salmon may reach a plateau level in the 
pigmentation capacity. Olsen and Mortensen [41] also reported that a 
pigmentation plateau in Arctic charr with start weight <300 g fed 70 
mg/kg dietary AST, which coincides with the weight of the fish used in this 
study (<300 g). 


Pigment source could have been an important factor affecting AST 
retention and utilisation in this study. It is well established that AST ester 
can be utilised by salmonids and deposited as free AST in white muscle 
[42]. Nevertheless, free AST is usually absorbed and deposited better than 
AST ester [43]. The latter needs to be hydrolysed into free form, 
incorporated into mixed micelles or lipoproteins, absorbed in the intestine 
and finally transported to the liver and deposited in muscle [44]. Intestinal 
hydrolysis or cleavage could be a limiting step for the absorption of AST 
from its ester matrix [39]. White, et al. [45] found that the AST content in 
serum was higher in salmon fed free or mono-esterified AST than in 
salmon fed di-esterified AST. The AST in KO and KM is mainly di-esterified 
and thus could have a low hydrolysis rate in Arctic charr. In another study, 
White, et al. [46] found similar AST absorption rates in rainbow trout fed 
free and esterified AST. Therefore, the intestinal cleavage of AST ester may 
not be the only factor leading to its inefficient retention but further steps 
for the transport of AST in blood may also play important roles. There was 
no control group with free AST as the Carotenoid source in the present 
study and no measurement of AST content in blood was performed, so no 
conclusions can be drawn from the results. Further studies focusing on the 
bioavailability of AST are needed. 


Due to the positive effects of n-3 LCPUFA for human health, alterations 
are made to fish diets to increase the proportion in salmonids. However, n- 
3 LCPUFA is susceptible to oxidation, forming secondary oxidation 
products which reduce storability, impart a poor sensory taste and cause 
nutritional losses [47]. Therefore, it is necessary to balance n-3 LCPUFA 
content against product stability. This was studied here by TBARS 
measurements as an indicator of effects of lipid content, FA profile and 
Carotenoid content and composition on oxidation of white muscle. The 
differences in TBARS value between group R4 and groups M2 and K4, and 
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between group R2 and groups R1, R3 and R5, could be explained by more 
susceptible n-3 PUFA than n-6 PUFA. However, the n-3 PUFA level of these 
two groups was not significantly different. TBARS was closely related to TC 
in comparisons 2 and 3. The high TBARS value of groups R2, K2 and K4 
suggests that AST did not exhibit antioxidant effects but prooxidant-like 
effects (not all the groups had high AST content). A study on white muscle 
of king salmon (Oncorhynchuss tshawytscha) showed a _ significant 
antioxidant effect of AST during storage [48]. However, AST exhibited no 
effect on inhibition of lipid oxidation in other studies [20]. AST mainly acts 
as singlet oxygen quencher and the protective mechanism may be of minor 
importance in meat products in comparison to free radical attacks [49]. In 
addition, at high concentrations some antioxidants may exhibit prooxidant 
effects, as demonstrated for B-carotene [50]. This would explain the 
prooxidant-like, but not antioxidant, activity of AST in some groups. 


Conclusions 


Diets containing KM, MM and KO can be used to improve FA profile and 
colour properties in white muscle of Arctic charr. Low AST content in fish 
diets can induce desaturation and elongation of LA and ALA into LCPUFA. 
AST di-ester in KO or KM can affect AST utilisation and bioavailability. 
Further studies on the bioavailability of AST and its effect on fish muscle 
stability are of interest. 
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